Managing, searching and mining uncertain data has achieved much attention in the database community recently due to new sensor technologies and new ways of collecting data. There is a number of challenges in terms of collecting, modelling, representing, querying, indexing and mining uncertain data. In its scope, the diversity of approaches addressing these topics is very high because the underlying assumptions of uncertainty are different across different papers. This tutorial provides a comprehensive and comparative overview of general techniques for the key topics in the fields of querying, indexing and mining uncertain data. In particular, it identifies the most generic types of probabilistic similarity queries and discusses general algorithmic methods to answer such queries efficiently. In addition, the tutorial sketches probabilistic methods for important data mining applications in the context of uncertain data with special emphasis on probabilistic clustering and probabilistic pattern mining. The intended audience of this tutorial ranges from novice researchers to advanced experts as well as practitioners from any application domain dealing with uncertain data retrieval and mining.
INTRODUCTION
Searching and mining in uncertain databases has become very popular problem in the recent years. The increasing availability of novel data-collection devices enables to accumulate large amounts of information in unprecedented rates and variability. On the other hand, the collected information is often noisy, incomplete or rendered uncertain due to privacy preserving issues. As a consequence, novel data models representing uncertain data have been developed and integrated into modern database systems [3, 14, 28, 2] . As query evaluation becomes more complex, efficiency issues arise, calling for novel search methodologies that cope with the special nature of uncertain data.
There currently exists a wide range of different approaches caused by different assumptions imposed on the uncertain data. As a consequence, it is a complex task to keep track of the current research results not only because of the large amount of existing approaches, Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Articles from this volume were presented at The but also because of very different vocabulary used to express similar concepts. This tutorial aims at providing a comprehensive view of the state-of-the-art research in probabilistic similarity search and probabilistic data mining for uncertain data. This tutorial will give a survey of and classify the various approaches for probabilistic similarity queries, indexing uncertain data and data mining on uncertain objects proposed for the different uncertainty models and illustrate relationships among them.
MANAGING, QUERYING AND MINING UNCERTAIN DATA
Real-world applications dealing with uncertain data require efficient methods for efficient searching on this data. Example applications are proximity queries in spatial databases with mobile objects, privacy-preserving information retrieval and data mining, searching in scientific databases and sensor databases. There are a bundle of problems emerging from the aforementioned applications that challenge the problem of designing efficient solutions for managing and querying uncertain data.
In this tutorial, we introduce the basic concepts of managing, querying and mining uncertain data. Here we take special emphasize on concepts supporting probabilistic spatial and similarity queries as well as applications on mining uncertain data. Note that as the research area on uncertain databases is very broad such that we cannot address all important issues in this tutorial. However, this tutorial should give an overview of the most significant concepts.
Modelling and Managing Uncertain Data
The concepts for managing, querying and mining uncertain data mainly rely on the models required to represent uncertain data. One of the most important and prevalent concept to model uncertain data is the possible worlds model [1] . This model is designed to reflect all possible instances of a database based on the possible instances of the underlying uncertain data. While this model is primarily designed for discrete uncertain data representation, many approaches using continuous uncertain data representations rely on the same concept when issuing query results.
In the first part of this tutorial, we first give a survey on uncertainty models and then focus on the attribute uncertainty model, specifically the discrete and continuous uncertainty model.
Indexing Uncertain Data
Efficient querying uncertain data requires index methods that are appropriate for uncertain data. The probabilistic nature of uncertain data disqualifies traditional indexing methods. Depending on the underlying uncertainty model, there are diverse challenges for designing suitable index structures. This part of the tutorial gives a brief overview of a number of methods for indexing uncertain data [10, 7, 15, 27, 30] .
Probabilistic (Similarity) Search Paradigms
The problem of processing queries in uncertain data is challenging due to the probabilistic nature of the evaluation of the query predicate. This especially holds for similarity queries, because in general the similarity (distance) between two uncertain objects is uncertain. This presents new challenges that require special types of queries the probabilistic (similarity) query processing. This part shows for various probabilistic similarity search problems current state-of-the-art solutions in particular for probabilistic range queries [10, 16] , probabilistic k-nearest neighbor and ranking queries [9, 30, 6, 17, 13, 29, 21] , probabilistic reverse k-nearest neighbor queries [8, 23] , probabilistic inverse ranking [24] and probabilistic skyline queries [26, 22] .
Data Mining on Uncertain Data
Finally, this tutorial gives an overview of state-of-the-art solutions for various data mining applications such as density-based clustering [18, 5] , partition-based clustering [25, 19] and frequent pattern mining [11, 12, 20, 4] , emphasizing efficiency issues.
ADDITIONAL AUTHORS
Additional authors: Andreas Züfle (Institute for Informatics, LudwigMaximilians-Universität München, email: zuefle@dbs.ifi.lmu.de) and Thomas Bernecker (Institute for Informatics, Ludwig-Maximilians-Universität München, email: bernecker@dbs.ifi.lmu.de).
